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(54) HIGH CAPACITY FACTOR WINDFARM

(567)  Energy production site and method of operation
thereof involving main wind turbines and booster wind
turbines. Main wind turbines produce electrical power in
all of afirst primary wind speed range and are configured
to produce electrical power up to a desired level maxi-
mum. Booster wind turbines are configured to produce

electrical power in all of a lower second primary wind
speed range and within a higher second secondary wind
speed range. The booster turbines’ production of electri-
cal power increases with wind speed within the second
primary wind speed range and decreases with wind
speed in the second secondary wind speed range.
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Description

[0001] The presentinvention relates to an energy pro-
duction site comprising wind turbines of two different
groups being main wind turbines and booster wind tur-
bines, respectively, more particularly to an energy pro-
duction site configuration and methods, in which the en-
ergy extraction capacity per unit area is increased com-
pared to energy sites known in the art.

Background of the invention

[0002] Thereis anincreasing pressure to utilise the full
potential of a site area when constructing an energy pro-
duction site, such as a windfarm. However, the large size
of modern wind turbines means that there must be a sig-
nificant distance between such wind turbines to prevent
a negative impact on the production from a given wind
turbine from influence from neighbouring wind turbines,
for instance due to turbulence, wake effects and shadow
effects, etc.

[0003] This meansthata significant partofthe site area
is "wasted" and that there is room for optimising the over-
allamount of energy produced per unit area of the energy
production site. Therefore, itis not unusual to supplement
the wind turbines with other forms of production, such as
photovoltaic installations for electricity production or sea-
weed farming, if it is an offshore energy production site.
[0004] A need for better utilisation of an area, which is
allocated for an energy production site, can also exist if,
for instance for geographical or transportation related
reasons, it is not possible to install many and big enough
wind turbines within the area to utilise the nominal power
rating of the energy transmission line available for the
energy production site.

Summary - Brief description of the invention

[0005] Itisapurposeofthe presentinventionto provide
an energy production site configuration and methods,
which increases the energy extraction capacity per unit
area of the energy production site compared to energy
productions sites known within the art.

[0006] The presentinvention relates to an energy pro-
duction site comprising a first group of wind turbines to
be operated as main wind turbines, and a second group
of wind turbines to be operated as booster wind turbines,
wherein the main wind turbines are configured to produce
electrical power in all of a first primary wind speed range,
wherein the main wind turbines are configured to produce
electrical power up to adesired level, wherein the booster
wind turbines are configured to produce electrical power
in all of a second primary wind speed range and within
a second secondary wind speed range, which is higher
than and non-overlapping with said second primary wind
speed range, wherein the booster turbines’ production
of electrical power increases with wind speed within the
second primary wind speed range and decreases with
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wind speed in the second secondary wind speed range.
[0007] The energy production site may be referred to
as a windfarm, such as an offshore windfarm or an on-
shore windfarm, or as a park etc. The energy production
site may be defined as an area where more wind turbines
operate together, thus there may be a combined energy
production at the site and there may be a central export
of produced energy. The energy production site may be
aphysical, geographical area. The energy production site
may include an export system (exportinfrastructure). The
export system may alternatively be an on-site interface
of an energy export system. The export system is oper-
able to export electrical energy from the energy produc-
tion site. The export system may be a single export sys-
tem common to the site, operable to export of all electric
power from the site or at least all electric power produced
for continuous export to an off-site receiver of electric
power.

[0008] In prior art, in a typical offshore windfarm, wind
turbines with a given rating are provided to achieve the
full power rating of the park, which is normally constrained
by the export system capacity or by the criteria under
which the windfarm is defined or where it involves exces-
sive wake losses or is constrained by the number of tur-
bines that can be fitted without exceeding design loads.
[0009] The design of the wind turbine generator is de-
fined by a rotor size and a turbine rating, where the design
optimum normally result in a capacity factor of the indi-
vidual turbine which is close to 50%, and where the re-
sulting windfarm will end at effectively the same range.
This means thatthe full energy capacity is limited to about
half, and the export assets are not fully utilized. In prior
art, a normal "overplanting" of a windfarm can be per-
formed, in which the wind farm comprises an excess
number of wind turbines, such as 20% extra and typically
all of the same type, compared to the number theoreti-
cally needed when considering the maximum power rat-
ing of the individual wind turbines.

[0010] The present disclosure intends to increase the
energy yield of the windfarm by adding purpose designed
turbines that can boost production at low wind speeds
without increasing the power rating of the overall park.
The added turbines may use a park in park methodology,
where for every main, e.g. large, wind turbine generator
one or more booster, e.g. smaller, turbines are added
that may have a power curve that may only be targeted
at production up until approximately half of the main wind
turbine generators, whereafter it may be curtailed into a
low wear mode. The sum of power generated by the main
wind turbine generators and by the added "booster" wind
turbine generators will be limited to the max rating of the
main wind turbine generators.

[0011] The limitation may be determined for each main
wind turbine, and/or the limitation may be determined at
park level as well.

[0012] The booster wind turbines may be connected
to the main wind turbines with a specific scaling, to be
able to reuse the electrical infrastructure of the site. The
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reuse of the electrical infrastructure may effectively be
known as a hybrid park, but as a unique feature of the
present invention, the second power production, i.e. the
booster wind turbines, is also a wind turbine based sys-
tem. In contrast, in prior art hybrid plants, the second
source of production is solar energy, wave energy or sim-
ilar.

[0013] The energy production site according to the
present invention, will increase the capacity factor from
the usual 50% up to about approximately 70% or even
higher. In prior art, this can also normally be achieved by
overplanting, but space constraints may limit that and the
design of wind turbines in such setup will all experience
design driving loads that results in a high cost. With the
present application of the booster wind turbines, where
the booster wind turbines may be designed for a signifi-
cantly reduced load, this will thus reduce the cost of the
wind turbines itself as well as the foundation it sits on.
The rotor loading of the booster wind turbines may be
approximately 0,33-0,5 times that of the main wind tur-
bines. The operation and low need to withstand full tur-
bulence loads means that onshore type wind turbines
with a IEC 3 class, or one designed for even lower mean
wind speeds, can be deployed, which gives a low cost
point with a standard product.

[0014] Thus, the booster wind turbines may be config-
ured to produce electrical power at wind speeds in a sec-
ond primary range of operation, such as configured to
primarily produce electrical power at wind speeds in a
second primary range of operation. These wind speeds
may be lower wind speeds, such as below 13 m/s. How-
ever, the booster wind turbines may also be configured
to operate at higher wind speeds, such as wind speed
above 13 m/s, in a low wear state with a low loading for
ensuring a long lifetime of the booster wind turbines.
Thus, it is an advantage that the booster wind turbines
may also be loaded in higher wind speeds, since this will
both increase energy production, and also reduce the
wear on the booster wind turbines, because it may be
damaging to a wind turbine to stand still at higher wind
speeds.

[0015] Itis an advantage of the invention that a result-
ing energy plant with 90-100% capacity factor can be
established, where the dependency on the wind speed
is fully decoupled.

[0016] Itis an advantage that production from wind en-
ergy can be provided in a full range of wind speeds, both
lower wind speeds, middle wind speeds, high speeds
and very high wind speed, and therefore energy produc-
tion at lower wind speeds can be prioritized.

[0017] Itis anadvantage oftheinvention thatitincreas-
es the energy extraction capacity per unit area of the
energy production site compared to energy productions
sites known within the art.

[0018] As a "low wear state" of the booster wind tur-
bines would still lead to production at higher winds, the
present invention may also provide that a storage, of any
technology, facility may be included to absorb any excess
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production and deploy it when winds are so low that the
combination of the main wind turbines and the booster
wind turbines cannot maintain a power production at the
full rating of the main wind turbines. Furthermore, this
may also compensate for wake losses, blockage effects,
availability loss from service operations, etc.

[0019] A "low wear state" of the main wind turbines
may also be provided by unloading (curtailing) the main
wind turbines to a certain level to reduce wear of the main
wind turbines.

[0020] Further wave, solar or other production assets
can be added to increase the capacity factor of the entire
system even further, again still utilizing the same export
infrastructure. The concurrency of production from vari-
ous sources are limited at the full capacity of the main
windfarm, or lowerifrequested by the overall park control,
and the energy is used to charge the storage facility, that
can then in turn deliver energy when production is lower
than max or the limit set by the overall park control.
[0021] Thus, it is an advantage of the invention, that
energy production at lower windspeeds is more valuable,
and that the deployable power, e.g. as enabled by a stor-
age, even higher.

[0022] The main wind turbines are configured to pro-
duce electrical power at wind speeds in a first primary
range of operation, such as primarily produce electrical
power atwind speeds in afirst primary range of operation.
The wind speeds in the first primary range of operation
of the main wind turbines may be between about 2.5 m/s
- 30 m/s. The main wind turbines may be configured to
produce electrical power at wind speeds in a first primary
range. However, the main wind turbines may also be con-
figured to produce electrical power at wind speed outside
this range.

[0023] The boosterwind turbines are configured to pro-
duce electrical power at wind speeds in a second primary
range of operation, such as primarily produce electrical
power at wind speeds in a second primary range of op-
eration. The wind speeds in the second primary range of
operation of the booster wind turbines may be between
about 2.5 m/s - 13 m/s. The booster wind turbines may
be configured to produce electrical power at wind speeds
in a second primary range. However, the booster wind
turbines may also be configured to produce electrical
power at wind speed outside this range.

[0024] Thus, the main wind turbines and the booster
wind turbines are different groups or types of wind tur-
bines. The primary range of operation of the main wind
turbines and the booster wind turbines are different. The
wind speeds at which the main wind turbines operate and
at which the booster wind turbines operate may be dif-
ferent.

[0025] Typically, the main wind turbines may operate
at any wind speeds, and may have a high energy pro-
duction at high wind speeds. Typically, the booster wind
turbines may operate in a reduced range of wind speeds
compared to the main wind turbines, and the booster
wind turbines may have a lower energy production at
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high wind speeds than the main wind turbines.

[0026] The sum of electrical power generated by the
main wind turbines and the booster wind turbines is lim-
ited to the maximum rating of the main wind turbines.
The resulting power production from the main wind tur-
bines and the booster wind turbines is controlled to cor-
respond, as far as possible, to a desired level.

[0027] The desired level may be a level defined as
maximally the level determined by the maximum export
system capability, but potentially reduced to match the
price optimum operation of the windfarm, or to match the
load characteristics of a connected load or consumption
zone.

[0028] Thus, the desired level may be based on con-
siderations relating to the physical design of the wind
park, the market design, the hour-to-hour optimization
depending on the varying load from the industry, etc.,
and wear considerations. The desired level may also be
set at a lower value at lower wind speeds.

[0029] The resulting power production from the main
wind turbines and the booster wind turbines may be set
or determined at any time, such as on a daily basis, on
an hourly basis, based on time of day, such as during
the day or during the night, based on time of year, such
as summer or winter etc.

[0030] By placing the second type wind turbines, which
may be smaller booster wind turbines, between the first
type wind turbines, which may be larger main wind tur-
bines, the energy extraction capacity from the energy
production site can be increased significantly, because
the second type wind turbines can produce energy with-
out significantly influencing the energy production of the
first type wind turbines. Because the second type wind
turbines are typically smaller than the first type wind tur-
bines, the addition of the second type wind turbines has
only limited impact on the turbulence and wake effects
on the site. The difference in height means that the in-
terference of the smaller wind turbines on the larger ones
is limited. Because a significant part of the rotor area of
the larger wind turbines may be situated above the rotors
of the smaller wind turbines, the wake and turbulence
impact of the larger wind turbines on the smaller wind
turbines is limited, and normal considerations governing
the layout of the energy production site do not apply.
[0031] If the wind turbines are suitably distributed be-
tween each other so that the integrity of both types of
wind turbines is maintained, an increase of up to 40% of
the installed capacity of the energy production site com-
pared to an energy production site occupying the same
area but comprising only the first type wind turbines may
be obtained.

[0032] The type of the towers should be understood to
include the height as well as the structure and all other
features of the tower. The first and second type of tower
can have the same or different structures, and they can
belong to different IEC classes. This also means, for in-
stance, that one or both types of towers may be config-
ured to be supported by a floating foundation.
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[0033] The rotor diameter of the second type of wind
turbines may being smaller than the rotor diameter of the
first type of wind turbines, and this means that the rated
maximum power output of the second type wind turbines
is smaller, such as atleast 20%, for example at least 30%
or at least 50% smaller, than the rated maximum power
output of the first type wind turbines.

[0034] In some embodiments, the booster turbines
may be configured to transition between production with-
in the second primary wind speed range and production
within the second secondary wind speed range at a tran-
sition wind speed, or in a transition wind speed range,
lower than a lowest wind speed at which the main wind
turbines’ production of electric power is at the desired
level.
[0035]
of:

In some embodiments, the desired level is one

- a maximum power rating of the energy production
site;

- a maximum export system capability;

- a maximum export system capability reduced to
match a price optimum operation of the windfarm.

[0036] It should be noted that a primary focus in this
disclosure is on configurations and modes of operation
involving the boosting of electric power production for
delivery without delay (delay meaning for instance delay
resulting from intermediate energy storage) externally of
the energy production site via an export system. A sec-
ondary focus is on the possibility of combining the ad-
vantages of such an energy production site with the pro-
vision of a range of energy storage capabilities.

[0037] Thus, the desired level of the resulting power
production may be a level defined as maximally the level
determined by the maximum export system capability,
but potentially reduced to match the price optimum op-
eration of the windfarm, or potentially reduced to match
the load characteristics of a connected load or consump-
tion zone.

[0038] The desired level may be based on considera-
tions relating to the physical design of the wind park, the
market design, the hour-to-hour optimisation depending
on the varying load from the industry, etc., and wear con-
siderations. The desired level may also simply be set at
a lower value at lower wind speeds.

[0039] Insomeembodiments, the maximum power rat-
ing of the energy production site is determined by the
sum of the maximum power ratings of the main wind tur-
bines and/or by limitations of the export system facilities.
[0040] In some embodiments, the booster turbines’
production of electrical power increases with wind speed
within all of the second primary wind speed range.
[0041] In some embodiments, the booster turbines’
production of electrical power generally decreases with
wind speed in the second secondary wind speed range,
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such that the booster turbines’ production of electrical
power is higher at a lowest wind speed boundary than at
a highest wind speed boundary of the second secondary
wind speed range.

[0042] In some embodiments, the booster turbines’
production of electrical power decreases with wind speed
in all of the second secondary wind speed range.
[0043] In some embodiments, the booster turbines’
production of electrical power is added to the main tur-
bines’ electrical power production up to a combined elec-
trical power production at the desired level.

[0044] Insome embodiments, an upperlimitofthe sec-
ond primary wind speed range is a lowest wind speed at
which the combined electrical power production is at the
desired level. A lower limit of the second secondary wind
speed range may be adjacent to the upper limit of the
second primary wind speed range.

[0045] In some embodiments, the wind speeds in the
first primary range of operation of the main wind turbines
are between about 2.5 m/s - 30 m/s, 5 m/s - 20 m/s, of 3
m/s - 25 m/s, or a different combination of one of the said
lower boundary values with one of the said upper bound-
ary values.

[0046] The wind speeds in the first primary range of
operation of the main wind turbines may be between
about 2.5 m/s - 30 m/s, such as between about 3 m/s -
29 m/s, such as between about 4 m/s - 28 m/s, such as
between about 8 m/s - 22 m/s etc.

[0047] In some embodiments, the wind speeds in the
second primary range of operation of the booster wind
turbines are between about 2.5 m/s - 13 m/s, 5m/s - 8
m/s or of 3 m/s - 7 m/s, of 3 m/s - 9 m/s, or a different
combination of one of the said lower boundary values
with one of the said upper boundary values.

[0048] Thus, the wind speeds in the second primary
range of operation of the booster wind turbines are be-
tween about 2.5 m/s - 13 m/s, such as between about 3
m/s - 12 m/s, such as between about4 m/s-11 m/s, such
as between about 5 m/s - 8.5 m/s etc.

[0049] In some embodiments, the second secondary
wind speed range includes wind speeds of 10 m/s - 12
m/sorof 10 m/s-17 m/s orof 9 m/s - 25 m/s, or a different
combination of one of the said lower boundary values
with one of the said upper boundary values.

[0050] Ina preferable embodiment, the energy produc-
tion site is an offshore windfarm.

[0051] Due to the existence of potentially very large
main wind turbines, which are dedicated for offshore use,
and the flat surface of the site area for offshore energy
production sites, which reduces the height of the wind
turbine towers needed to ensure that the wind turbine
rotors are free of the "roughness constraints" known from
many onshore energy production sites, the present in-
vention is particularly suited for offshore installation.
However, it could also find use on onshore energy pro-
duction sites, where the conditions are suitable.

[0052] In some embodiments, the first group of wind
turbines comprises one or more horizontal axis wind tur-
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bines, each comprising:
- anacelle mounted on a wind turbine tower,

- arotor comprising one or more wind turbine blades
describing a rotor diameter and

- an electrical generator driven by the rotor for con-
verting rotation thereof into electrical power, and.

wherein the second group of wind turbines comprises
one or more wind turbines, each comprising:

- arotor comprising one or more wind turbine blades
and

- an electrical generator driven by the rotor for con-
verting rotation thereof into electrical power.

[0053] Each wind turbine of the second group of wind
turbines may also comprise a nacelle mounted on a wind
turbine tower.

[0054] The rotor diameter of the second type of wind
turbines may less than 60%, such as less than 55%, such
as less than 50%, of the rotor diameter of the first type
of wind turbines.

[0055] The rotor diameter of the second type of wind
turbines may be between 40% and 60%, preferably be-
tween 45% and 55%, most preferred 50%, of the rotor
diameter of the first type of wind turbines.

[0056] Rotor diameter differences within these ranges
have proven to result in the optimum energy production
capacity.

[0057] In some embodiments, the main wind turbines
and the booster wind turbines are of different types,
where the different types are one or more of:

- being produced by different manufacturers,

- being controlled by different types of control sys-
tems,

- being originally produced as onshore and offshore
wind turbines, respectively,

- being designed for different loads,
- belonging to different IEC classes,
- being fixedly mounted and floating, respectively,

- being horizontal axis and vertical axis wind turbines,
respectively.

[0058] Whereas the first type wind turbines, i.e. the
main wind turbines, are preferably of a type that would
be chosen for optimising the energy production of the
energy production site, if it had only comprises these first
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type wind turbines, the second type wind turbines, i.e.
the booster wind turbines, can be of a less expensive
type, such as older models and types, which are nolonger
"state-of-the-art". Even "second-hand" wind turbines,
which have previously been used at other energy pro-
duction sites, can be used as second type wind turbines
in an energy production site according to the present in-
vention. Also, onshore wind turbines, which typically
have a higher production volume and therefore are more
cost competitive, can be used as second type wind tur-
bines in an offshore energy production site according to
the present invention.

[0059] Typically, the first type of wind turbines, i.e. the
main wind turbines are configured to operate at any wind
speed, including high wind speeds, such as wind speeds
above 10 m/s, 11 m/s, 12 m/s, 13 m/s etc. Typically, the
second type of wind turbines, i.e. the booster wind tur-
bines are configured to operate at lower wind speeds,
such as wind speeds below 10 m/s, 11 m/s, 12 m/s, 13
m/s etc.

[0060] In some embodiments, the maximum power
production of each of the booster wind turbines is lower
than the maximum power production of each of the main
wind turbines, such than less than 70% or less than 50%
ofthe power production of each of the main wind turbines.
[0061] Insomeembodiments, forthe sake oflongevity,
the booster wind turbines are configured to produce elec-
tric power at wind speeds above the second primary
range of operation, even if this power production is not
needed for boosting the resulting power production to
reach the desired level at the time of production.
[0062] Thus, the booster wind turbines may also be
configured to operate at higher wind speeds, such as
wind speed above 13 m/s, in a low wear state with a low
loading for ensuring a long lifetime of the booster wind
turbines.

[0063] In some embodiments, electrical power pro-
duced by further power production facilities, the further
power production facilities being different from wind pow-
er, is configured to also be used for controlling the result-
ing power production to reach the desired level, if the
combined power production from the main wind turbines
and the booster wind turbines is insufficient to reach the
desired level.

[0064] Itis an advantage that further power production
facilities can be used together with the power production
from the wind turbines. The further power production fa-
cilities may be, for example, wave power from e.g. sea
waves in an offshore production site, and/or solar power
installations in the production site.

[0065] In some embodiments, the energy production
site further comprises an energy storage facility config-
ured to store excess power production, which is in excess
after boosting the resulting power production to reach
the desired level at the time of production, and to deploy
the stored energy again, when the resulting power pro-
duction from the main wind turbines, the booster wind
turbines and, if present, the further power production fa-
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cilities, is insufficient to reach the desired level.

[0066] It is an advantage that the energy production
site further comprises an energy storage facility config-
ured to store excess power production because in this
way no produced power is wasted, and the produced
power can be used at a time, when e.g. the wind speeds
are too low to utilise the maximum rating of the main wind
turbines. It is also an advantage that the energy storage
facility may be configured to store excess power produc-
tion to meet a desired level of production, in case the
energy prices/market prices favour storage for the pur-
pose of later usage.

[0067] As a "low wear state" of the booster wind tur-
bines would still lead to production at higher winds, the
present invention may also provide that a storage, of any
technology, facility may be included to absorb any excess
production and deploy it when winds are so low that the
combination of the main wind turbines and the booster
wind turbines cannot maintain a power production at the
full rating of the main wind turbines. Furthermore, this
may also compensate for wake losses, blockage effects
etc.

[0068] Further wave, solar or other production assets
can be added to increase the capacity factor of the entire
system even further, again still utilizing the same export
infrastructure. The concurrency of production from vari-
ous sources are limited at the full capacity of the main
windfarm, or lowerifrequested by the overall park control,
and the energy is used to charge the storage facility, that
can then in turn deliver energy when production is lower
than max or the limit set by the overall park control.
[0069] Thus, it is an advantage of the invention, that
energy production atlower wind speeds is more valuable,
and that the deployable power, e.g. as enabled by a stor-
age, even higher.

[0070] In some embodiments, for each main wind tur-
bine one or more associated booster wind turbines is/are
provided; and wherein one or more associated booster
wind turbines, each of which potentially comprises an
energy storage facility, are connected to a single main
wind turbine at HVAC level by entry into the switch gear
of the main wind turbine or, alternatively at DC level or
at LVAC level.

[0071] Itisan advantage thatthisincreases the capac-
ity factor of the wind farm without adding unnecessary
costs, because the existing power transmission lines
from the main wind turbines are also used for the power
from the connected booster wind turbines.

[0072] In another aspect of the invention, it relates to
amethod of operating an energy production site to control
production of electric power therein, comprising: operat-
ing a first group of wind turbines as main wind turbines;
operating a second group of wind turbines as booster
wind turbines; operating the main wind turbines to pro-
duce electrical power in all of a first primary wind speed
range; operating the main wind turbines to produce elec-
trical power up to a desired level; operating the booster
wind turbines to produce electrical power in all of a sec-
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ond primary wind speed range and within a second sec-
ondary wind speed range, which is higher than and non-
overlapping with said second primary wind speed range;
operating the booster turbines’ production of electrical
power to increase with wind speed within the second pri-
mary wind speed range and to decrease with wind speed
in the second secondary wind speed range.

[0073] Some embodiments further comprise storing,
in an energy storage facility, excess power production,
which is in excess after boosting a combined power pro-
duction to reach the desired level at the time of produc-
tion.

[0074] Someembodiments further comprise deploying
energy stored in the energy storage facility when the re-
sulting power production from the wind turbines of the
first group, the booster wind turbines and, if present, the
further power production facilities, is insufficient to reach
the desired level.

[0075] Some embodiments further comprise obtaining
the energy production site by adding new wind turbines
to already existing wind turbines in an energy production
site, and wherein either the added wind turbines are op-
erated as booster wind turbines, and the already existing
wind turbines are operated as main wind turbines, or
wherein the added wind turbines are operated as main
wind turbines, and the already existing wind turbines are
operated as booster wind turbines.

[0076] Ingeneral, the method disclosed herein may be
applied in an energy production site in accordance with
the above description thereof. The method may comprise
any method steps derivable from any implied or other-
wise indicated method step or process therein.

[0077] In some embodiments, the desired level is one
of: a maximum power rating of the energy production
site; a maximum export system capability; or a maximum
export system capability reduced to match a price opti-
mum operation of the windfarm; and wherein the maxi-
mum power rating of the production site is determined
by the sum of the maximum ratings of the wind turbines
ofthe first group and/or by limitations of the export system
facilities.

[0078] Insome embodiments, the method further com-
prising: using electrical power produced by further power
production facilities, the further power production facili-
ties being different from wind power, for controlling the
resulting power production to reach the desired level, if
the combined power production from the wind turbines
of the first group and the booster wind turbines is insuf-
ficient to reach the desired level.

[0079] Insome embodiments, the method further com-
prising: storing, in an energy storage facility, excess pow-
er production, which is in excess after boosting the re-
sulting power production to reach the desired level at the
time of production.

[0080] Insome embodiments, the method further com-
prising: deploying energy stored in the energy storage
facility when the resulting power production from the wind
turbines of the first group, the booster wind turbines and,
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if present, the further power production facilities, is insuf-
ficient to reach the desired level.

[0081] In some embodiments, the energy production
site is obtained by adding new wind turbines to already
existing wind turbines in an energy production site, and
wherein either the added wind turbines are operated as
booster wind turbines, and the already existing wind tur-
bines are operated as main wind turbines, or wherein the
added wind turbines are operated as main wind turbines,
and the already existing wind turbines are operated as
booster wind turbines.

Figures

[0082] A few exemplary embodiments of the invention
are described in more detail in the following with refer-
ence to the figures, of which

Fig. 1 shows a schematiclayout of an energy pro-
duction site as known within the art, com-
prising a single type of wind turbines,

is a schematic side view of wind turbines
of the energy production site shown in Fig.
1,

Fig. 2

Fig. 3 shows a schematiclayout of an energy pro-
duction site according to an embodiment
of the invention, comprising two different

groups of wind turbines,

is a schematic side view of wind turbines
of the energy production site shown in Fig.
3,

Fig. 4

Fig. 5a-5d  schematically illustrate power curves for
an energy production site comprising a first
group of wind turbines operated as main
wind turbines, and a second group of wind
turbines operated as booster wind tur-

bines.
Detailed description of the invention

[0083] Fig. 1 shows a schematic layout of an energy
production site 1 as known within the art, comprising a
plurality of first type wind turbines 2. In the illustrated
layout, the first type wind turbines 2 are arranged in
straight lines forming a two-dimensional array, the dis-
tance D between any of the first type wind turbines 2 and
it closest neighbouring first type wind turbine 2 being the
same in both dimensions of this array. It should be noticed
that this simplicity of the illustrated layout is merely cho-
sen for the sake of clarity and that, as it will be known to
the person skilled in the art, the first type wind turbines
2 may be distributed or scattered across the energy pro-
duction site 1 in a various number of different ways and
patterns, often depending on the landscape if the energy



13 EP 4 477 872 A1 14

production site 1 is an onshore site 1.

[0084] Fig. 2 is a schematic front view of some first
type wind turbines 2 of the energy production site 1 shown
in Fig. 1. It illustrates that the first type wind turbines 2
are horizontal axis wind turbines comprising a first type
tower 3 and a first type rotor 4. Fig. 2 shows how the first
type rotor 4 describes a first rotor diameter RD1. Fig. 2
further illustrates that the distance D between two neigh-
bouring first type wind turbines 2 is defined as the hori-
zontal centre-to-centre distance D between two neigh-
bouring first type towers 3.

[0085] Fig. 3 shows a schematic layout of an energy
production site 5 according to an embodiment of the in-
vention, comprising two different groups of wind turbines
2, 6. The first group 2 of wind turbines are operated as
main wind turbines, and the second group 6 of wind tur-
bines are operated as booster wind turbines. The main
wind turbines 2 are configured to produce electrical pow-
er at wind speeds in a first primary range of operation.
The booster wind turbines 6 are configured to produce
electrical power at wind speeds in a second primary
range of operation. The sum of electrical power gener-
ated by the main wind turbines 2 and the booster wind
turbines 6 is limited to the maximum rating of the main
wind turbines 2. The resulting power production from the
main wind turbines 2 and the booster wind turbines 6 is
controlled to correspond, as far as possible, to a desired
level.

[0086] In the illustrated layout, a plurality of first group
wind turbines 2 are arranged in a two-dimensional array
like inFig. 1, and a plurality of second group wind turbines
6 are arranged in between the first group wind turbines
2 in such a way that the distance d between any of the
second group wind turbines 6 and its closest neighbour-
ing first group wind turbine 2 or second group wind turbine
6 is the same in both dimensions of this array. Again, it
should be noticed that the simplicity of the illustrated lay-
out of the energy production site 5 is merely chosen for
the sake of clarity and that the first group wind turbines
2 and the second group wind turbines 6 may be distrib-
uted or scattered across the energy production site 5 in
a various number of different ways and patterns. The
important thing is not that the distance d to neighbouring
wind turbines 2, 6 is the same in all directions, but that
the distance d to each of the neighbouring wind turbines
2, 6 is sufficient to avoid significant disturbances in the
form of turbulence, wake effects, shadow effects and the
like.

[0087] Fig. 4 is a schematic front view of some first
group wind turbines 2 and some second group wind tur-
bines 6 of the energy production site 5 shown in Fig. 3.
It illustrates that also the second group wind turbines 6
are horizontal axis wind turbines comprising a second
type tower 7 and a second type rotor 8. Fig. 7 shows how
the second type rotor 8 describes a second rotor diameter
RD2. Fig. 4 further illustrates that the distance d between
a second group wind turbine 6 and a neighbouring first
group wind turbine 2 or second group wind turbine 6 is
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defined as the horizontal centre-to-centre distance d be-
tween the towers 3, 7 of the two wind turbines 2, 6 in
question.

[0088] Fig. 5a and 5b schematically illustrate power
curves for an energy production site comprising a first
group of wind turbines operated as main wind turbines,
and a second group of wind turbines operated as booster
wind turbines. The main wind turbines are configured to
produce electrical power at wind speeds in a first primary
range of operation. The booster wind turbines are con-
figured to produce electrical power at wind speeds in a
second primary range of operation. The sum of electrical
power generated by the main wind turbines and the
booster wind turbines is limited to the maximum rating of
the main wind turbines. The resulting power production
from the main wind turbines and the boosterwind turbines
is controlled to correspond, as far as possible, to a de-
sired level.

[0089] Fig. 5a and 5b show an increase in the energy
yield of the windfarm by adding purpose designed tur-
bines that can boost production at low windspeeds with-
out increasing the power rating of the overall park. The
added turbines may use a park in park methodology,
where for every main wind turbine generator 20 ("Main
WTG") one or more booster turbines 22 ("Booster WTG’s
main contribution") are added that have a power curve
that may only be targeted at production up until approx-
imately half of the main wind turbine generators, where-
after it may be curtailed into a low wear mode. The sum
of power 24 ("Combined production") generated by the
main wind turbine generators 20 and by the added
"booster" wind turbine generators 22 will be limited to the
max rating of the main wind turbine generators.

[0090] The wind resource occurrence 26 is shown as
a graph as well ("Wind distribution [%]"). The graph 26
shows that most hours, the wind speed is between 5 m/s
-14 m/s.

[0091] Thus, the curve 20 is for the main wind turbine.
It is shown for one single main wind turbine, but can be
scaled by a factor of 100 and still hold.

[0092] The curve 22 is the combination of one or more
booster wind turbines fit to a single main wind turbine,
and scaled with that. It may be a single booster wind
turbine or several individual booster wind turbines that
adds up to the curve shown.

[0093] Fig. 5a shows an example of the power curve
22 of the booster wind turbines, where the booster wind
turbines operate to generate power at wind speed up to
13 m/s, and when the wind speeds are above 13 m/s,
then the booster wind turbines do not generate power.
[0094] Fig. 5b shows an example of the power curve
22 of the booster wind turbines, where the booster wind
turbines operate to generate power also at wind speed
above 13 m/s. At wind speeds above 9 m/s, the booster
wind turbines generates less power than at wind speeds
below 9 m/s. The power curve 20 of the main wind tur-
bines accordingly shows that at wind speeds above 9
m/s, the main wind turbines produce less power than
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their maximum rating, because the combined production
fromthe main wind turbines and the booster wind turbines
have reached the maximum rating.

[0095] For the sake of longevity, the booster wind tur-
bines are configured to produce electric power at wind
speeds above the second primary range of operation,
even if this power production is not needed for boosting
the resulting power production to reach the desired level
at the time of production. This may be called a low wear
mode of the booster wind turbines.

[0096] The curve 28 ("Booster WTG low wear") is an
example of a curve for the booster wind turbine(s) when
designed for low loading/long lifetime/low wear.

[0097] The curve 28 may be the excess production
from the combination of the main wind turbines and the
booster wind turbines to achieve the combined produc-
tion 24. This can be capitalized as energy used for stor-
age and later deployment, for Power to X or the like, or
as a reduction of the main wind turbine need, e.g. fewer
main wind turbines, or with less load/wear, shown as the
curve 20.

[0098] The curve 30 (""Could be" Main WTG) is the
potential reduction of need for main wind turbines if the
power production from the booster wind turbines above
9 m/s wind speeds, i.e. curve 28, is capitalized for this
purpose, that could reduce cost of the main windfarm.
[0099] Figs.5cand 5d show alternative characteristics
for the booster wind turbines, wherein the increase of
electrical power production with wind speed in the second
primary wind speed range is steeper function of the wind
speed, so that a desired level maximum in combined en-
ergy production is reached at even lower wind speeds,
thus providing an even more efficient boostby the booster
wind turbines to the combined production of electric pow-
er.

Items
[0100]
1. An energy production site comprising:

- afirst group of wind turbines to be operated as
main wind turbines, and

- asecond group of wind turbines to be operated
as booster wind turbines,

wherein the main wind turbines are config-
ured to produce electrical power in all of a
first primary wind speed range,

wherein the main wind turbines are config-
ured to produce electrical power up to a de-
sired level,

wherein the booster wind turbines are con-
figured to produce electrical power in all of
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a second primary wind speed range and
within a second secondary wind speed
range, which is higher than and non-over-
lapping with said second primary wind
speed range,

wherein the booster turbines’ production of
electrical power increases with wind speed
within the second primary wind speed range
and decreases with wind speed in the sec-
ond secondary wind speed range.

2. The energy production site according to item 1,
wherein the booster turbines are configured to tran-
sition between production within the second primary
wind speed range and production within the second
secondary wind speed range at a transition wind
speed, or in a transition wind speed range, lower
than a lowest wind speed at which the main wind
turbines’ production of electric poweris atthe desired
level.

3. The energy production site according to any of the
preceding items, wherein, the desired level is one of:

- amaximum power rating of the energy produc-
tion site;

- a maximum export system capability.

4. The energy production site according to item 3,
wherein the maximum power rating of the energy
production site is determined by the sum of the max-
imum power ratings of the main wind turbines.

5. The energy production site according to any of the
preceding items, wherein the booster turbines’ pro-
duction of electrical power increases with wind speed
within all of the second primary wind speed range

6. The energy production site according to any of the
preceding items, wherein the booster turbines’ pro-
duction of electrical power generally decreases with
wind speed in the second secondary wind speed
range, such that the booster turbines’ production of
electrical power is higher at a lowest wind speed
boundary than at a highest wind speed boundary of
the second secondary wind speed range.

7. The energy production site according to any of the
preceding items, wherein the booster turbines’ pro-
duction of electrical power decreases with wind
speed in all of the second secondary wind speed
range.

8. The energy production site according to any of the
preceding items, wherein the booster turbines’ pro-
duction of electrical power is added to the main tur-
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bines’ electrical power production up to a combined
electrical power production at the desired level.

9. The energy production site according to item 8,
wherein an upper limit of the second primary wind
speed range is a lowest wind speed at which the
combined electrical power production is at the de-
sired level.

10. The energy production site according to item 9,
wherein a lower limit of the second secondary wind
speed range is adjacent to the upper limit of the sec-
ond primary wind speed range.

11. The energy production site according to any of
the preceding items, wherein the first primary wind
speed range includes wind speeds of 5 m/s - 20 m/s
or of 3 m/s - 25 m/s, and

wherein the second primary wind speed range in-
cludes wind speeds of 5 m/s - 8 m/s or of 3 m/s - 7
m/s or of 3 m/s - 9 m/s.

11. The energy production site according to any of
the preceding items, wherein the second secondary
wind speed range includes wind speeds of 10 m/s -
12 m/s or of 10 m/s - 17 m/s or of 9 m/s - 25 m/s.

12. The energy production site according to any of
the preceding items, wherein the energy production
site is an offshore windfarm.

13. The energy production site according to any of
the preceding items, wherein the first group of wind
turbines comprises one or more horizontal axis wind
turbines, each comprising:

- anacelle mounted on a wind turbine tower,

- a rotor comprising one or more wind turbine
blades describing a rotor diameter and

- an electrical generator driven by the rotor for
converting rotation thereof into electrical power,
and.

wherein the second group of wind turbines compris-
es one or more wind turbines, each comprising:

- a rotor comprising one or more wind turbine
blades and

- an electrical generator driven by the rotor for
converting rotation thereof into electrical power.

14. The energy production site according to any of
the preceding items, wherein the main wind turbines
and the booster wind turbines are of different types,
where the different types are one or more of:
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- being produced by different manufacturers,

- being controlled by different types of control sys-
tems,

- being originally produced as onshore and off-
shore wind turbines, respectively,

- being designed for different loads,
- belonging to different IEC classes,
- beingfixedly mounted and floating, respectively,

- being horizontal axis and vertical axis wind tur-
bines, respectively.

15. The energy production site according to any of
the preceding items, wherein the maximum power
production of each of the booster wind turbines is
lower than the maximum power production of each
of the main wind turbines, such than less than 70%
or less than 50% of the power production of each of
the main wind turbines.

16. The energy production site according to any of
items 8-15, wherein, for the sake of longevity, the
booster wind turbines are configured to produce
electric power at wind speeds above the second pri-
mary range of operation, even if this power produc-
tion is not needed for boosting the combined power
production to reach the desired level at the time of
production.

17. The energy production site according to any of
items 8-16, wherein electrical power produced by
further power production facilities, the further power
production facilities being different from wind power,
is configured to also be used for controlling the re-
sulting power production to reach the desired level,
ifthe combined power production from the main wind
turbines and the booster wind turbines is insufficient
to reach the desired level.

18. The energy production site according to any of
the preceding items, further comprising an energy
storage facility configured to store excess power pro-
duction, which is in excess after boosting the result-
ing power production to reach the desired level at
the time of production, and to deploy the stored en-
ergy again, when the resulting power production
from the main wind turbines, the booster wind tur-
bines and, if present, the further power production
facilities, is insufficient to reach the desired level.

19. The energy production site according to any of
the preceding items, wherein for each main wind tur-
bine one or more associated booster wind turbines
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is/are provided; and wherein one or more associated
booster wind turbines, each of which potentially com-
prises an energy storage facility, are connected to a
single main wind turbine at HVAC level by entry into
the switch gear of the main wind turbine or, alterna-
tively at DC level or at LVAC level.

20. A method of operating an energy production site
to control production of electric power therein, com-
prising:

- operating a first group of wind turbines as main
wind turbines,

- operating a second group of wind turbines as
booster wind turbines,

- operating the main wind turbines to produce
electrical power in all of a first primary wind
speed range,

- operating the main wind turbines to produce
electrical power up to a desired level,

- operating the booster wind turbines to produce
electrical power in all of a second primary wind
speed range and within a second secondary
wind speed range, which is higher than and non-
overlapping with said second primary wind
speed range,

- operating the booster turbines’ production of
electrical power to increase with wind speed
within the second primary wind speed range and
to decrease with wind speed in the second sec-
ondary wind speed range.

21. The method according to item 20, further com-
prising:

- storing, in an energy storage facility, excess
power production, whichis in excess after boost-
ing a combined power production to reach the
desired level at the time of production.

22. The method according to item 12, further com-
prising:

- deploying energy stored in the energy storage
facility when the resulting power production from
the wind turbines of the first group, the booster
wind turbines and, if present, the further power
production facilities, is insufficient to reach the
desired level.

23. The method according to any of items 20-22,
wherein the energy production site is obtained by
adding new wind turbines to already existing wind
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turbines in an energy production site, and

wherein either the added wind turbines are op-
erated as booster wind turbines, and the already
existing wind turbines are operated as main wind
turbines, or

wherein the added wind turbines are operated
as main wind turbines, and the already existing
wind turbines are operated as booster wind tur-
bines.

24. The method according to any of items 20-23,
wherein the energy production site is an energy pro-
duction site according to any of items 1-19.

List of references

[0101]

1. Energy production site with a single type of wind
turbines

2. First type wind turbine
3. First type tower
4. First type rotor

5. Energy production site with two different types of
wind turbines

6. Second type wind turbine

7. Second type tower

8. Second type rotor

13. Common lower rotor limit

20. power of main wind turbine
22. power of booster wind turbine

24. sum of power of main and booster wind turbines
26. wind resource occurrence

28. power of booster wind turbine(s) when designed
for low loading/long lifetime/low wear

30. potential reduction of need for main wind turbines
if the power production from the booster wind tur-

bines is as in curve 28

D. Distance between two neighbouring first type wind
turbines

d. Distance between a second type wind turbine and
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a neighbouring first type wind turbine or second type
wind turbine

RD1. First rotor diameter

RD2. Second rotor diameter

Claims

1.

An energy production site comprising:

- a first group of wind turbines to be operated as
main wind turbines, and

- a second group of wind turbines to be operated
as booster wind turbines,

wherein the main wind turbines are config-
ured to produce electrical power in all of a
first primary wind speed range,

wherein the main wind turbines are config-
ured to produce electrical power up to a de-
sired level,

wherein the booster wind turbines are con-
figured to produce electrical power in all of
a second primary wind speed range and
within a second secondary wind speed
range, which is higher than and non-over-
lapping with said second primary wind
speed range,

wherein the booster turbines’ production of
electrical power increases with wind speed
within the second primary wind speed range
and decreases with wind speed in the sec-
ond secondary wind speed range.

The energy production site according to claim 1,
wherein the booster turbines are configured to tran-
sition between production within the second primary
wind speed range and production within the second
secondary wind speed range at a transition wind
speed, or in a transition wind speed range, lower
than a lowest wind speed at which the main wind
turbines’ production of electric power is at the desired
level.

The energy production site according to any of the
preceding claims, wherein, the desired level is one
of:

- a maximum power rating of the energy produc-
tion site;
- a maximum export system capability.

The energy production site according to any of the
preceding claims, wherein the booster turbines’ pro-
duction of electrical power increases with wind speed
within all of the second primary wind speed range

10

15

20

25

30

35

40

45

50

55

12

5.

10.

1.

12.

The energy production site according to any of the
preceding claims, wherein the booster turbines’ pro-
duction of electrical power generally decreases with
wind speed in the second secondary wind speed
range, such that the booster turbines’ production of
electrical power is higher at a lowest wind speed
boundary than at a highest wind speed boundary of
the second secondary wind speed range.

The energy production site according to any of the
preceding claims, wherein the booster turbines’ pro-
duction of electrical power decreases with wind
speed in all of the second secondary wind speed
range.

The energy production site according to any of the
preceding claims, wherein the booster turbines’ pro-
duction of electrical power is added to the main tur-
bines’ electrical power production up to a combined
electrical power production at the desired level.

The energy production site according to the preced-
ing claim, wherein an upper limit of the second pri-
mary wind speed range is a lowest wind speed at
which the combined electrical power production is
at the desired level; and wherein a lower limit of the
second secondary wind speed range is adjacent to
the upper limit of the second primary wind speed
range.

The energy production site according to any of the
preceding claims, wherein the first primary wind
speed range includes wind speeds of 5 m/s - 20 m/s
or of 3 m/s - 25 m/s, and

wherein the second primary wind speed range in-
cludes wind speeds of 5 m/s -8 m/s orof 3m/s -7
m/s or of 3 m/s - 9 m/s.

The energy production site according to any of the
preceding claims, wherein the second secondary
wind speed range includes wind speeds of 10 m/s -
12 m/s or of 10 m/s - 17 m/s or of 9 m/s - 25 m/s.

The energy production site according to any of the
preceding claims, wherein the energy production site
is an offshore windfarm.

The energy production site according to any of the
preceding claims, wherein the first group of wind tur-
bines comprises one or more horizontal axis wind
turbines, each comprising:

- a nacelle mounted on a wind turbine tower,

- a rotor comprising one or more wind turbine
blades describing a rotor diameter and

- an electrical generator driven by the rotor for
converting rotation thereof into electrical power,
and.
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14.

15.

16.

17.
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wherein the second group of wind turbines compris-
es one or more wind turbines, each comprising:

- a rotor comprising one or more wind turbine
blades and

- an electrical generator driven by the rotor for
converting rotation thereof into electrical power.

The energy production site according to any of
claims 7-12, wherein, for the sake of longevity, the
booster wind turbines are configured to produce
electric power at wind speeds above the second pri-
mary range of operation, even if this power produc-
tion is not needed for boosting the combined power
production to reach the desired level at the time of
production.

The energy production site according to any of
claims 7-13, wherein electrical power produced by
further power production facilities, the further power
production facilities being different from wind power,
is configured to also be used for controlling the re-
sulting power production to reach the desired level,
if the combined power production from the main wind
turbines and the booster wind turbines is insufficient
to reach the desired level.

The energy production site according to any of the
preceding claims, further comprising an energy stor-
age facility configured to store excess power produc-
tion, which is in excess after boosting the resulting
power production to reach the desired level at the
time of production, and to deploy the stored energy
again, when the resulting power production from the
main wind turbines, the booster wind turbines and,
if present, the further power production facilities, is
insufficient to reach the desired level.

The energy production site according to any of the
preceding claims, wherein for each main wind tur-
bine one or more associated booster wind turbines
is/are provided; and wherein one or more associated
boosterwind turbines, each of which potentially com-
prises an energy storage facility, are connected to a
single main wind turbine at HVAC level by entry into
the switch gear of the main wind turbine or, alterna-
tively at DC level or at LVAC level.

A method of operating an energy production site to
control production of electric power therein, compris-

ing:

- operating a first group of wind turbines as main
wind turbines,

- operating a second group of wind turbines as
booster wind turbines,

- operating the main wind turbines to produce
electrical power in all of a first primary wind
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speed range,

- operating the main wind turbines to produce
electrical power up to a desired level,

- operating the booster wind turbines to produce
electrical power in all of a second primary wind
speed range and within a second secondary
wind speed range, which is higher than and non-
overlapping with said second primary wind
speed range,

- operating the booster turbines’ production of
electrical power to increase with wind speed
within the second primary wind speed range and
to decrease with wind speed in the second sec-
ondary wind speed range.

18. The method according to claim 17, further compris-

ing:

- deploying energy stored in the energy storage
facility when the resulting power production from
the wind turbines of the first group, the booster
wind turbines and, if present, the further power
production facilities, is insufficient to reach the
desired level.
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